Abstract-In this study, we assessed the distribution of cortical neurons immunoreactive for tyrosine hydroxylase (TH) in prefrontal cortical regions of humans and nonhuman primate species. Immunohistochemical methods were used to visualize TH-immunoreactive (TH-ir) neurons in areas 9 (dorsolateral prefrontal cortex) and 32 (anterior paracingulate cortex). The study sample included humans, great apes (chimpanzee, bonobo, gorilla, orangutan), one lesser ape (siamang), and Old World monkeys (golden guenon, patas monkey, olive baboon, moor macaque, black and white colobus, and François' langur). The percentage of neurons within the cortex expressing TH was quantified using computerassisted stereology. TH-ir neurons were present in layers V and VI and the subjacent white matter in each of the Old World monkey species, the siamang, and in humans. TH-ir cells were also occasionally observed in layer III of human, siamang, baboon, colobus, and François' langur cortex. Cortical cells expressing TH were notably absent in each of the great ape species. Quantitative analyses did not reveal a phylogenetic trend for percentage of TH-ir neurons in these cortical areas among species. Interestingly, humans and monkey species exhibited a bilaminar pattern of TH-ir axon distributions within prefrontal regions, with layers I-II and layers V-VI having the densest contingent of axons. In contrast, the great apes had a different pattern of laminar innervation, with a remarkably denser distribution of TH-ir axons within layer III. It is possible that the catecholaminergic afferent input to layer III in chimpanzees and other great apes Tyrosine hydroxylase (TH) is the rate-limiting enzyme in catecholamine synthesis. The major CNS catecholamines (dopamine and norepinephrine) are each involved in supporting certain aspects of higher cognition by modulating prefrontal cortex function (von Bohlen und Halbach and Dermietzel, 2006) . For example, the dopaminergic system is well known for its role in working memory (Abi-Dargham, 2004; Goldman-Rakic, 1998; Kulisevsky, 2000) , and norepinephrine supports attention and memory retrieval in the absence of a stress response (Kodama et al., 2002; Murchison et al., 2004) .
Tyrosine hydroxylase (TH) is the rate-limiting enzyme in catecholamine synthesis. The major CNS catecholamines (dopamine and norepinephrine) are each involved in supporting certain aspects of higher cognition by modulating prefrontal cortex function (von Bohlen und Halbach and Dermietzel, 2006) . For example, the dopaminergic system is well known for its role in working memory (Abi-Dargham, 2004; Goldman-Rakic, 1998; Kulisevsky, 2000) , and norepinephrine supports attention and memory retrieval in the absence of a stress response (Kodama et al., 2002; Murchison et al., 2004) .
The prefrontal cortex receives catecholaminergic innervation from long projection neurons that originate in the ventral tegmental area and locus coeruleus. However, there also exists an intrinsic source of catecholamines in the form of tyrosine hydroxylase-immunoreactive (TH-ir) neurons within the neocortex itself. These cortical neurons have been classified as aspiny non-pyramidal cells (Benavides-Piccione and DeFelipe, 2003) and demonstrate considerable species-specific variation in their location and concentration in the cortical mantle (for review see Smeets and González, 2000) . For example, TH-ir neurons were reported in the lower portion of layer I in two cetacean species (Hof et al., 1995) , whereas TH-ir cells in rats have been found in all layers of the cortex, with the highest density occurring in layers II and III (Kosaka et al., 1987a) . In the human neocortex, TH-ir interneurons have been found almost exclusively in the infragranular layers and subjacent white matter (Benavides-Piccione and DeFelipe, 2003; Gaspar et al., 1987; Hornung et al., 1989) .
Recently, Benavides-Piccione and DeFelipe (2007) reported that humans had a higher density and more extensive distribution of cortical TH-ir neurons relative to other species studied to date. Humans were the only species to possess TH-ir neurons in every cortical area, whereas macaque monkeys lacked TH-ir neurons in temporal cortex (Benavides-Piccione and DeFelipe, 2007; Kohler et al., 1983) . Moreover, the highest densities of TH-ir neurons were found in the dorsolateral prefrontal and anterior cingulate cortex in humans, both areas critical to higher cognitive functions (Benavides-Piccione and DeFelipe, 2007) . In addition, recent studies have found that there is a significant decrease in cortical TH-ir neurons in the brains of patients affected by dementia with Lewy bodies (Marui et al., 2003) and by Parkinson's disease (Fukuda et al., 1999) . This evidence suggests that this population of cortical catecholaminergic neurons is functionally significant for intrinsic local circuits. Because humans have a dense and ubiquitous distribution of TH-ir neurons, it is tempting to speculate that these cells might have played a role in the evolution of the human brain and its associated cognitive and behavioral advances. However, the presence of TH-ir neurons in the cortex of most primate species, including the great apes, is unknown. These comparative data are necessary for evaluating potential human-specific neuroanatomical specializations. The main objective of the present research was to examine the distribution of TH-ir neurons in prefrontal cortical areas, specifically Brodmann areas 9 and 32, among a wide range of catarrhine primate species, including great apes, lesser apes, and Old World monkeys.
EXPERIMENTAL PROCEDURES Specimens
The nonhuman brain specimens for this research included 27 individuals representing 11 anthropoid species. All specimens with the exception of one (François' langur) were from adult individuals and all brain samples were free of gross neuropathology on routine examination. The postmortem nonhuman brains were acquired from zoological or research institutions and the animals were housed according to each institution's guidelines. Specifically, all animals had been maintained in AALAC-or AZA-accredited facilities and died natural deaths or were humanely euthanized as part of unrelated experiments to minimize the number of animals used for study. The golden guenon brain was provided by the Office Rwandais du Tourisme et des Parcs Nationaux and the Mountain Gorilla Veterinary Project in compliance with CITES regulations. Adult, non-geriatric human brain specimens were provided by Northwestern University Alzheimer's Disease Center Brain Bank. The human subjects showed no evidence of dementia before death and all individuals received a score of zero for the CERAD senile plaque grade (Mirra et al., 1991) and the Braak and Braak (1991) neurofibrillary tangle stage. The age, sex, and method of fixation for each specimen can be found in Table 1 .
Fixation
Baboons, moor macaques, and patas monkeys were perfused transcardially with 4% paraformaldehyde as part of unrelated experiments following methods described previously (Hof and Nimchinsky, 1992; Hof et al., 1996) . All other brains were collected postmortem and fixed by immersion in 10% buffered formalin for at least 10 days, then transferred to a 0.1 M phosphate-buffered saline (PBS, 
Sample processing
All samples derived from the left hemisphere. Prior to sectioning, samples were cryoprotected by immersion in a series of sucrose solutions (10%, 20%, and 30%). For the nonhuman primate brains, the entire frontal lobe was removed as a coronal slab. Human brain specimens were dissected out of the cortical areas of interest by the donating institution.
Brain specimens were frozen on dry ice and cut to 40 mthick sections using a sliding microtome. As each block of tissue was cut, sections were placed into individual microcentrifuge tubes containing freezer storage solution (30% each distilled water, ethylene glycol, and glycerol and 10% 0.244 M PBS) and numbered sequentially. Sections were stored at Ϫ20°C until immunohistochemical processing.
A 1-in-10 series for all samples was stained for Nissl substance with a solution of 0.5% Cresyl Violet to reveal cell somata. Nissl-stained sections were used to identify cytoarchitectural boundaries and to obtain neuron densities. Cortical regions of interest were identified based on topological location and distinctive regional cytoarchitecture recognizable on Nissl-stained sections. Cytoarchitectural features were relied upon for identification of cortical regions due to individual variation in their gross anatomical location (e.g. Amunts et al., 1996; Petrides and Pandya, 1999; Rademacher et al., 2001; Zilles et al., 1996) . Area 9 is located in the dorsolateral prefrontal cortex, extending medially to the paracingulate sulcus of humans and the cingulate sulcus of macaque monkeys (Paxinos et al., 2000; Petrides and Pandya, 1999) . This cortical area is expanded in anthropoids (i.e. monkeys, apes, and humans) with no obvious homologue in other mammals (Preuss and Goldman-Rakic, 1991; Aboitiz and Garcia, 1997) . For this study, the part of area 9 sampled was located on the dorsal portion of the superior frontal gyrus in humans and chimpanzees, and corresponded to area 9L in macaque monkeys as designated by Paxinos et al. (2000) . This area has been identified in numerous primate species, including macaques (Walker, 1940; von Bonin and Bailey, 1947; Petrides and Pandya, 1999) , hamadryas baboons (Watanabe-Sawaguchi et al., 1991) , chimpanzees (Bailey et al., 1950) , and humans (Rajkowska and Goldman-Rakic, 1995; Petrides and Pandya, 1999) . Additionally, area 9L was outlined in many of the individuals used in this study as part of unrelated projects (Raghanti et al., 2008; Sherwood et al., 2006) . Area 32 is defined as the portion of the paracingulate cortex anterior to the genu of the corpus callosum (Gallagher and Frith, 2003; Öngür et al., 2003) . In humans, area 32 has been implicated in 'theory of mind,' the ability to infer the mental states of others (Adolphs, 2001; Gallagher et al., 2000; Gallagher and Frith, 2003; Johnson et al., 2002; Vogeley et al., 2001) . Old World monkeys do not possess a strict homologue to the portion of area 32 that is activated in human theory of mind studies (i.e. anterior cingulate area 32) (Öngür et al., 2003) , thus we were limited to the most similar anatomical territory of the medial prefrontal cortex of monkeys, defined as prelimbic cortex (i.e. prelimbic area 32) (Öngür et al., 2003) . In chimpanzees, the cytoarchitecture of cortex within the anterior paracingulate gyrus was described by Bailey et al. (1950) closely to resemble area FDL in humans (von Economo and Koskinas, 1925) , suggesting that they are homologous in structure.
Immunohistochemistry
A minimum of two sections that contained the cortical areas of interest per individual were used for immunohistochemical studies. Floating tissue sections were stained using the avidin-biotinperoxidase method, as described previously (Raghanti et al., 2008) . Briefly, sections were pretreated for antigen retrieval by incubating in 10 mM sodium citrate buffer (pH 3.5) at 37°C for 30 min. Sections were then rinsed and endogenous peroxidase was quenched using a solution of 75% methanol, 2.5% hydrogen peroxide (30%), and 22.5% distilled water for 20 min at room temperature. Sections were preblocked in a solution of PBS with 2% normal goat serum and 0.3% Triton X-100 detergent. Following this, sections were incubated in primary antibody (rabbit anti-TH polyclonal antibody, AB152, Millipore, Billerica, MA, USA) diluted to 1:1000 in PBS for 48 h at 4°C. After incubation in primary antibody, the tissue was incubated in biotinylated secondary antibody (1:200) in a solution of PBS and 2% normal goat serum for 1 h at room temperature. Sections were then incubated in avidin-peroxidase complex (PK-6100, Vector Laboratories, Burlingame, CA, USA) for 1 h at room temperature. A 3,3=-diaminobenzidine-peroxidase substrate with nickel solution enhancement was used as the chromogen (SK-4100, Vector Laboratories). Negative controls omitted the primary antibody and omitted the secondary antibody. Omission of the primary or secondary antibody resulted in a complete absence of labeled neurons and axons.
Data collection and analysis
Immunohistochemically stained sections were qualitatively and quantitatively analyzed using an Olympus BX-51 photomicroscope equipped with a Ludl XY motorized stage, Heidenhain z-axis encoder, StereoInvestigator software (MBF Bioscience, Williston, VT, USA, version 8), and a digital camera that projects images onto a 24-inch LCD flat panel monitor. The presence or absence and the laminar distribution of TH-ir neurons were recorded for each section. Character state evolution was mapped on to a phylogeny of primates from Goodman et al. (1998) . The evolution of TH-ir cell distribution was reconstructed using maximum parsimony analysis with character state transformations unordered as implemented in Mesquite software version 1.06 (Maddison and Maddison, 2005) . Characters were coded based on direct qualitative observation for the species examined in the current study.
TH-ir neuron densities were obtained by exhaustively sampling the cortical areas of interest from pia to white matter (i.e. cortex) and subjacent white matter with the aid of an optical disector. The cortex and white matter were outlined separately at low magnification (4ϫ), and the optical disector was performed at 40ϫ. A guard zone of at least 2 m was employed at the top and bottom of each section, and section thickness was measured at five random sites per area of interest (i.e. cortex and white matter). TH-ir neuron density (Nv) was calculated as the total number of TH-ir neurons divided by the product of surface area (x, y), the tissue sampling fraction, and the sectioned thickness (40 m). The tissue sampling fraction was the ratio of the optical disector height to mean measured section thickness.
Nissl-stained sections were used to obtain overall Nv (neuron Nv) measures using optical disector probes combined with a fractionator sampling scheme (see Raghanti et al., 2008) . The cortex from layer II to the white matter was outlined at low magnification. The optical disector probes were performed under Koehler illumination at 63ϫ. A guard zone of at least 2 m was employed at the top and bottom of each section, and section thickness was measured at every 5th sampling site. Neuron densities were calculated as the sum of neurons counted with the optical disectors divided by the product of the disectors and the volume of the disector (see Sherwood et al., 2005) .
The ratio of TH-ir Nv to total Nv represents the percentage of neurons that expressed TH immunoreactivity. The percentage of TH-ir neurons was used for comparisons among species because overall cell density per unit volume varies with differences in brain size (Haug, 1987; Sherwood et al., 2007) . Thus, the percentage of TH-ir neurons functions to standardize the data for the evaluation of TH-ir Nv in the context of species differences in overall Nv. Variation in the number of individuals available to represent each species and small sample size precluded the use of a fully factorial statistical design for data analysis. However, to determine if the percentage of TH-ir cortical neurons was correlated to brain weight, Spearman's rho correlation coefficients were calculated for each cortical area. Brain weight data used for this analysis were taken from Sherwood et al. (2006) and Raghanti et al. (2008) . Statistical significance was set at ␣ϭ0.05, two-tailed.
Original photomicrographs were processed using Adobe Photoshop, v. 7.0 (San Jose, CA, USA). Brightness, contrast, and sharpness were adjusted to obtain images that most closely resembled the appearance of histological features as seen through the microscope. Additional figures were produced by obtaining montage images of the cortical areas at low magnification and tracing the TH-ir neurons using Adobe Photoshop software.
RESULTS
Previous morphological characterization of cortical TH-ir neurons in humans and other species indicated that most are bipolar, with other cell types being single-tufted, bitufted, tripolar, and multipolar (e.g. Benavides-Piccione and DeFelipe, 2003 DeFelipe, , 2007 . Our present findings among catarrhine primates are in accordance with these earlier assessments in that neuron types conformed in morphological appearance to inhibitory interneurons with multiple subtypes represented and a predominance of bipolar neurons (Fig. 1) . Fig. 2A-D shows the distributions of TH-ir neurons for each species within each cortical area.
The results of the maximum parsimony analysis of character state evolution are depicted in Fig. 3A-C . Among the Old World monkeys, the cercopithecines (cheek-pouched monkeys; golden guenon, patas monkey, moor macaque and baboon) and the colobines (leaf-eating monkeys; François' langur and colobus) are each distinct subfamilies (Goodman et al., 1998) . African apes (gorilla, chimpanzee, bonobo) are more closely related to humans than the Asian apes (orangutan, siamang), with chimpanzees and bonobos representing our closest living relatives.
The presence of TH-ir neurons in the supragranular layers was restricted to humans, siamangs, baboons, and the leaf monkeys (i.e. black and white colobus and François' langur) (Fig. 3A) . In each of these cases, TH-ir neurons were sparsely distributed and most frequently located in layer III. TH-ir neurons were also distributed within the infragranular layers (Fig. 3B ) and subjacent white matter (Fig. 3C ) of all species studied with the exception of the great apes. However, their density was not uniform across species. Rather, the degree of layer-specific concentration was variable from one species to the next, with no obvious phylogenetic trend. TH-ir neurons were notably absent in chimpanzee, bonobo, gorilla, and orangutan cortex. Considering the phylogenetic relationships among these species, it is most parsimonious to infer that the last common ancestor of catarrhines possessed TH-ir neurons in the neocortex. This trait was subsequently lost in the ancestor of the great ape-human clade. Remarkably, there was a reversal of this character state during human evolution. Thus, humans and Old World monkeys share TH-ir neocortical neurons due to homoplasy, or the independent evolution of a similar phenotype.
The results of quantitative analyses are listed in Tables  2 and 3 . For the species that had TH-ir neurons, the percentage of cortical neurons immunoreactive for TH was not correlated with brain weight in area 9 (Spearman's rhoϭϪ0. 38, Pϭ0.35, nϭ8) or area 32 (Spearman's rhoϭϪ0. 31, Pϭ0.45, nϭ8) . Furthermore, neither TH-ir Nv nor the percentage of cortical neurons expressing TH showed a relationship to phylogeny.
DISCUSSION
The present results represent the first large-scale comparative analysis of TH-ir neuron distributions among primate species. Cortical TH-ir neurons were observed in 8 of the 12 species assessed here, with TH-ir neurons notably absent in the great ape cortical regions examined (chimpanzee, bonobo, gorilla, and orangutan). These results are not likely to have been affected by differences in fixation because several immersion-fixed monkey and human brain specimens displayed TH-ir neurons, while they were consistently absent in the immersion-fixed great apes. Moreover, while the great apes lacked TH-ir neurons, staining of TH-ir axons was present and robust (Fig. 4) . Among the Old World monkeys, the laminar distributions and densities were species-specific without a clear concordance to phylogenetic relationships. For example, while both representatives of the subfamily Colobinae (François' langur and black and white colobus) exhibited TH-ir neurons in layers III, V-VI, and in the white matter, the langur had fewer neurons overall relative to the colobus (see Fig.  2B , D and Table 3 ). When examining the density of TH-ir neurons within area 9, the colobus, golden guenon, and baboon had a greater percentage of TH-ir neurons relative to humans (see Table 3 ). Further, when compared with humans, both the baboon and golden guenon have a higher percentage of TH-ir neurons within area 32.
TH-ir neurons within the human neocortex were initially thought to be dopaminergic, as they do not express dopamine-ß-hydroxylase, the enzyme required for norepinephrine synthesis (Gaspar et al., 1987; Fukuda et al., 1999) . However, TH-ir neurons in the human anterior cingulate cortex also do not colocalize aromatic amino acid decarboxylase (AADC), an enzyme requisite for dopamine synthesis (Ikemoto et al., 1999) . Whereas these findings suggest that TH-ir neurons are neither dopaminergic nor norepinephrinergic, it is possible that the sensitivity of current immunohistochemical detection methods precludes accurate characterization (Benavides-Piccione and DeFelipe, 2007) . Although TH-ir neurons have been noted in several species, little is known regarding their function, particularly as the end-product is yet to be defined. Colocalization studies in humans revealed that only half of the cortical TH-ir neurons also express GABA (Trottier et al., 1989) , and 24% express nitric oxide synthase (Benavides-Piccione and DeFelipe, 2003) . In contrast, most TH-ir neurons of the rat cortex are also immunoreactive for either GABA or glutamic acid decarboxylase (GAD), the enzyme that catalyzes the reaction required for GABA production (Kosaka et al., 1987b) , and the detection of phosphorylated TH in the majority of rat TH-ir cortical neurons suggests L-DOPA as a potential end-product for this species (Asmus et al., 2008) . Weihe and colleagues (2006) recently identified two TH-ir neuron types in the rhesus macaque cortex in addition to the traditional dopamine-and norepinephrine-producing neurons. Their classification was based on colocalization studies with the vesicular uptake system necessary for concentration and exocytotic release (VMAT2) and AADC. Interestingly, Weihe et al. (2006) found TH-ir neurons that lacked VMAT2 and others that lacked both VMAT2 and AADC. This indicates that specific The mean is reported for each species ϮS.D. for species represented by two or more individuals.
populations of TH-ir neurons have the ability to produce dopamine without a capacity for exocytotic release and others that appear to have L-DOPA as an end-product, potentially to supply monoenzymatic AADC-containing neurons for the synthesis of dopamine. The unusual phylogenetic pattern of TH-ir neuron distribution is difficult to interpret, particularly in light of the fact that the end-product of these cells is yet to be determined. Neurons that express TH may produce L-DOPA, dopamine, or norepinephrine, depending on the complex of enzymes present within the cell. Although progress has been made toward the identification of end-products and phenotypic characterizations for cortical TH-ir cells in rats (Asmus et al., 2008) and rhesus macaques (Weihe et al., 2006) , the reported differences between rodents and primates in colocalization studies as well as the present findings indicate that definitive studies may not be applicable across different species. This is especially important in the context of our current results, suggesting that cortical TH-ir neurons have evolved independently multiple times in the course of primate diversification.
The absence of TH-ir neurons within the cortex of the great apes is intriguing. Our reconstruction of character state evolution indicates that TH-ir neurons were lost in the ancestor of the great ape-human clade. Of note, Raghanti et al. (2008) reported that the chimpanzee ratio of TH-ir axon length density to Nv in layer III of areas 9 and 32 was twice that of humans or moor macaques (Fig. 5) . Although the limited sample available for the present study precluded robust quantitative analyses, it is possible that all of the great apes share an increase in TH-ir axons originating from extrinsic cortical sources. If so, then great apes may compensate for the loss of the intrinsic cortical source of TH by increasing TH supplied by extrinsic afferents. TH-ir axons in human and long-tailed macaque cerebral cortex are thought to be dopaminergic as TH and the dopamine transporter are extensively colocalized (Ciliax et al., 1999; Lewis et al., 2001 ). In addition, TH and the enzyme for norepinephrine synthesis, dopamine-␤-hydroxylase, do not colocalize in the cortex of long-tailed macaques or the New World squirrel monkey (Lewis et al., 1987) , also supporting the contention that cortical TH-ir axons are dopaminergic in primates. However, comparable studies have not been completed for the great apes and it is possible that a contingent of the cortical TH-ir axons would colocalize TH and dopamine-␤-hydroxylase rather than the dopamine transporter. For example, cortical TH-ir axons are primarily noradrenergic in rabbits (Wang et al., 1996) , demonstrating that there is not uniformity in the biochemistry of TH-ir neurons among species.
Benavides-Piccione and DeFelipe (2007) speculated that cortical TH-ir neurons within the human cortex may represent an evolutionary adaptation, facilitating specialized cortical circuits. In this context, the present findings raise questions regarding the absence of cortical TH-ir neurons within the cortex of our closest living relatives, the great apes, and the abundance of these cells within the cortex of some Old World monkeys. Further work is necessary to characterize the molecular biology of TH-ir neu- rons among different species and to determine their functional role within cortical circuits. In particular, it will be important to examine extrinsic cortical catecholaminergic sources in addition to a full characterization of mono-and multienzymatic interneurons that may facilitate the role of the TH-ir neurons in the cerebral cortex. Finally, distributions of neocortical cell types are not uniform across phylogeny. In the current study, we demonstrated variation in the expression of TH in prefrontal neurons among closely related taxa. Such findings highlight the importance of evaluating potential neuroanatomical features that may have predisposed the human brain to increasing cognitive complexity within an evolutionary framework.
